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(54) Heat exchanger applicable to fuel-reforming system and turbo-generator system 



(57) A heat exchanger is applied well to a turbogen- 
erator system and a fuel-reforming syslem(15). The 
heal exchanger has porous melals( 1 ) disposed in a hot- 
ter area(7) and a colder area(8), one to each area, and 
a wall(2) separating the two areas^S) from one anoth- 
er. The porous metals(1 ) are merged integrally with the 
wall(2) through junction layers(9,1 0) to raise largely the 
efliciency of the heat exchanger. Heat is transferred 
from the hotter area(7) where a fluid is allowed to flow 
through there to the colder area(8) where another fluid 



is allowed lo pass through there through the wall isolat- 
ing the two fluids different in temperature from one an- 
other. The porous metals(1 ) in the hotter and colder ar- 
eas^. 8) are merged together with Ihe opposite surfaces 
of the wall(2) through junction layers(9,10) buried into 
Ihe porous melals(1) The junclion layers(9,10) are 
made of pasty joining material kneaded with a powdery 
metal. The junction layers(9,10) over the porous metals 
(1 ) are brought into close contact with the oppos te sur- 
faces ol Ihe wall(2) and subjected to sintering lo get the 
porous metals(1 ) merging together with the wall(2) 
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Description 

[0001] The present invention relates to a heat ex- 
changer having a porous metal, in which thermal energy 
of exhaust gases is available for the thermal decompo- 5 
sition ol natural gas to produce reformed fuel, the gen- 
eration of steam from water, the condensing of a vapor 
to a liquid, the warming of an oily substance, and so on. 
[0002] Among conventional systems for reclaiming 
heat energy from exhaust gases emitted out of any heat *o 
resource including engines, combustion chambers and 
so on are commonly any systems where an exhaust gas 
turbine is used to convert the exhaust heat to either ki- 
netic energy or electric energy. With the prior turbo-com- 
pound systems in which the exhaust turbine is connect- f s 
ed to the exhaust pipe from the engine, nevertheless, 
any excessive increase in ingress pressure of the ex- 
haust gas turbine would cause heavy loads on the ex- 
haust phase of the engine, resulting in adversely giving 
rise to any loss in power. To cope with this, it has been 20 
preferred that the exhaust gas turbine is less in ingress 
pressure while the energy conversion is made using 
steam power. 

[0003] Some sort of a heat exchanger disclosed in, 
forexample Japanese Patent Laid-Open No. 6601/1999 25 
is known, in which a porous ceramics member is in- 
stalled in a gas passage while first-stage and second- 
stage heat exchangers are provided in the course of an 
exhaust line out of a gas engine to boost the steam in 
temperature, The first-stage heat exchanger is consti- 3" 
tuted with a steam passage installed in a first casing to 
allow the steam to flow through there, and an exhaust 
gas passage arranged in the steam passage to get the 
exhaust gases running through there. The second- 
stage heat exchanger includes a water-steam line al- 35 
lowed to hold water therein, which is installed in a sec- 
ond casing lying behind the first casing and an exhaust 
gas line surrounding around the water-steam line to al- 
low the exhaust gases to flow thrcugh there. 
[0004] A natural gas-reforming system disclosed in, 
for example Japanese Patent Laid-Open No. 
93777/1999 is also known, in which the principal con- 
stituent: CH 4 in natural gas is pyrolyzed to the reformed 
fuel of CO and H 2 to improve the gas engine in thermal 
efficiency, and further the C0 2 contained in the exhaust *3 
gases is used for the pyrolysis, thus rendering the C0 2 
content in the exhaust gases reduced. With the tuel-re- 
forming system recited earlier, an exhaust gas passage 
is defined inside an exhausl gas tube while a gaseous 
fuel casing is disposed around the exhaust gas tube to 50 
allow the gaseous fuel to flow through there. The gase- 
ous fuel casing is filled with porous ceramic substance 
coated with acatalyst helping convert the CH 4 in natural 
gas into CO andH 2 . In addition, the gaseous fuel casing 
is shielded around there with a thermal insulation 55 
[0005] Another sort of a gas engine with fuel-reform- 
ing system disclosed in, for example Japanese latent 
Laid-Open No. 13547/1999 is known, in which the prin- 



cipal constituent of CH 4 in natural gas is pyrolyzed to 
CO and H 2 to improve the gaseous fuel in calorific value, 
while the C0 2 contained in the exhaust gases is used 
for the pyrolysis, thereby the C0 2 content in the exhaust 
gases getting reduced and further the formation of NOx 
is curbed. With the gas engine constructed as stated 
earlier, a mixture of CH 4 with C0 2 is fed into a catalytic 
converter installed in the exhaust pipe, where the gas- 
eous mixture is heated and pyrolyzed with the exhaust 
gases toconvert into reformedfuel The C0 2 separated 
out from the exhaust gases though a separator mem- 
brane is forced into the catalytic converter. Heat energy 
remaining in the exhausl gases is reclaimed at a turbo- 
charger and also discharged at the first and second heat 
exchangers to produce high-temperature steam that is 
in turn used to drive a steam turbine, which would result 
in reclaiming the heat energy as electric energy. 
[0006] A steam engine working on Rankine cycle dis- 
closed in, for example Japanese Patent Laid-Open 
No. 51562/1 999 is also known which is comprised of a 
steam generator to convert the liquid to vapor, a steam 
turbine driven with the vapor produced in the steam gen- 
erator, a condenser to reduce exhaust steam from the 
steam turbine to a liquid, and a pump to return the liquid 
discharged out of the condenser back to the steam gen- 
erator. The condenser is composed of an Inside cylinder 
providing a fluid passage to allow the steam leaving the 
steam turbine lo flow through there, the inside cylinder 
having a rotor of permanent magnet, a first porous mem- 
ber installed in the fluid passage, a second porous mem- 
ber wound around the inside cylinder in a spiral way to 
form successive fins, and an outside cylinder surround- 
ing around the successive fins to provide an air passage 
in which any one fin and a circular space separating any 
two successive fins alternate lengthwise within the outer 
cylinder the outer cylinder having a stator in opposition 
to the rotor on the inside cylinder to bear the inside cyl- 
inder for rotation the r eon, 

[0007] A gas engine d.sclosed in, for example Japa- 
nese Patent Laid-Open No. 6602/1999 is also known, 
in which an energy recovery means with heat exchanger 
Is disposed behind a turbocharger installed in an ex- 
haust pipe. High-temperaiure steam produced in the 
heat exchanger passes through a steam turbine to pro- 
duce electric power by the action of a generator coupled 
with the steam turbine. The gas engine employs fuel of 
natural gas and is applicable well to, for example a co- 
generation system. The gas engine includes a fuel tank 
to hold a natural gas containing e principal constituent 
of CH 4 . a fuel pump to lorcibly feed the gaseous fuel into 
an auxiliary chamber connected to a main combustion 
chamber, a first heat exchanger unit installed behind the 
turbocharger in the exhaust pipe, a steam turbine driven 
by the steam produced in the first heat exchanger unit, 
and a second heat exchanger unit disposed behind the 
first heat exchanger unit to convert a low-temperature 
vapor and water leaving the steam turbine into a high- 
temperature vapor that is led back to !he first heat ex- 
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changer unit. The generator, when driven by the steam 
turbine, produces electric power in proportion to turning 
force exerted by the lurbine. 

[0008] Meanwhile, a heat exchanger made of ceram- 
ics of porous texture has been developed in late years. 
Nevertheless, the ceramic products, because of vulner- 
able to impact stress and therefore less in fracture 
toughness, are very unfit to employ them for the heat 
exchangerthat is commonly sophisticated in configura- 
tion. To cope with this, the advent of a heat exchanger 
of porous metal has been expected until now. Produc- 
tion of the heat exchanger with porous metal, however, 
has been tried with little success so far because porous 
metal is very tough to join it with solid metal sheet 
[0009] Moreover, the heat exchanger should be high 
in efficiency for the reclaiming of heat energy from the 
exhaust gases. With the engines of turbo-compound 
type employing the fuel of natural gas, the combustion 
chamber has to be made in heat insulation to exploit the 
most of heat energy from the exhaust gases, converting 
the most of energy derived from the fuel into power. Ef- 
fectiveness In the heat exchanger is very crucial tor the 
heat transfer from one fluid to another. That is, the higher 
the effectiveness in the heat exchanger is, the better it 
is for available rate of heat energy and therefore for the 
overall thermal efficiency. The operating fluids have 
considerable affect on the effectiveness of the heat ex- 
changer in both their heat conductivity and heat transfer 
rate, and also less thermal resistance is preferred for 
smooth mobility of heat. 

[0010] In recent years, many advanced researches in 
foamed heat-resisting metals higher in heat conductivity 
have focused attention on the production of porous me- 
tallic members that are preferable for diverse uses in- 
cluding filters and so on. The porous metallic product 
has a complex geometrical construction in which metals 
get entangled and intersected with one another in three- 
dimensional structure, and therefore has the outside 
surface area per unit volume which is up to about six 
times greater than the conventional fins and further 
made continuous over the product block. This feature is 
fit well for heat transfer between the fluids that are dif- 
ferent in temperature from one another. 
[0011] Thus, the present inventor has led to the con- 
cept that porous metallic members are joined together 
with opposite sides of metallic sheet, one to each side, 
which is a partition wall to separate two fluids at different 
temperatures from one another to provide a heat-ex- 
tracting area or hotter area and a heat-emitting area or 
colder area in opposition to each other across the par- 
tition wall When the hot fluid including a hot gas and so 
on passes over the heat-extracting area or hotter area 
through clearances in the associated porous metallic 
member with coming into collision contact against the 
over-all surface of the porous metallic member the re- 
maining heat in the hot fluid is first transferred to. the 
solid o! the porous metallic member and then to the wall 
of metallic sheet. The heat is eventually transmitted to 



another fluid in the heat-emitting area or colder area. To 
make certain of smooth heat transmission between the 
two fluids, it would be conceived that the porous metallic 
members have to be securely joined together with the 
s wall through their stems that come in engagement with 
the sides of the wall. 

[0012] Moreover, it is necessary to employ the heat 
exchanger high in efficiency in order to realize the effec- 
tive reclaiming of heat energy from the exhaust gases. 
"> With the engines of turbo-compound type employing the 
fuel of natural gas, the combustion chamber needs heat 
Insulation to exploit the most of heat energy from the 
exhaust gases, converting the most of energy derived 
from the fuel into power. Effectiveness in the heat ex- 
's changer is very crucial for the heat transfer from one 
fluid to another. That is, the higher the effectiveness in 
the heat exchanger is. the better it is for available rate 
of heat energy and therefore for the over-all thermal ef- 
ficiency. The operating fluids have considerable affect 
20 on the effectiveness ol the heat exchanger in their heat 
conductivity and heat Iransfer rate, and also less ther- 
mal resistance is preferred for smooth transmission of 
heat 

[0013] The present invention, therefore, has as its pri- 
25 mary aim to overcome the subject as recited just above 
and to provide a heat exchanger that is applicable well, 
for example to the thermal decomposition of natural gas 
to produce reformed fuel, the conversion of water into 
steam, the condensing of a vapor to a liquid, the warm- 
so ingof an oily substance, and so on More particularly, it 
provides a heat exchanger in which a porous metallic 
member is joined integrally with a partition wall with 
stems thereof being connected to the partition wall in a 
physically continuous condition sharing the same phys- 
35 (cat properties with the partition wall, thereby bringing 
triple to fifth-fold improvement in coefficient of overall 
heat transmission to transmit the heat energy in the 
heat-extracting area or hotter area to the heal-emitting 
area or colder area, thus eventually increasing the ef- 
J0 fectiveness in the heat exchanger. According to the 
present invention, the improvement in coefficient of 
overall heat transmission as stated earlier can be 
achieved by employment of junction layers that are in- 
terposed between the porous metallic members and the 
-*5 surface areas of the partition wall preparatory to joining 
together them to avoid the occurrence of any thermal 
interruption In the joined zones, thereby increasing the 
effectiveness in the heat exchanger. 
[0014] Anotheraim of the present invention is to com- 
5" bine the heat exchanger constructed as recited earlier 
togetherwith a turbo-generator system. A Rankinecycle 
engine is employed together with a heat exchanger in- 
stalled in an exhaust line for the high reclaiming of heat 
energy remaining in the exhaust gases. In the heat ex- 
55 changer installed in the exhaust line as stated earlier, a 
porous metallic member lying in the flow of exhaust gas- 
es is joined integrally with a partition wall defiring a pas- 
sage to allow a fluid to pass through there. The porous 
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metallic member is merged with the partition wall in 
physically continuous condition sharing the same phys- 
ical properties with the partition wall, thereby bringing 
triple to fifth-fold improvement in coefficient of overall 
heat transmission 1o transmit the heat energy in the hot- 
ter area to the colder area, thus eventually increasing 
the effectiveness in the heal exchanger. 
[0015] The present invention is concerned with a heat 
■exchanger in which heat is transferred trom a heat-ex- 
tracting area where a fluid is allowed to flow through 
there to a heat-emitting area where another fluid differ- 
ent in temperature from the fluid is allowed to flow 
through there, wherein a wall is provided to separate the 
areas from one another, and porous metals are provided 
in the areas, one to each area, the porous metals being 
each made on a surface thereof with a junction layer of 
pasty joining materia! kneaded with powdery metal, the 
porous metals being each merged together with the wall 
through fusion of the associated junction layer to make 
certain of heat transfer between the wall and the porous 
metal 

[0016] In one aspect of the present invention, a heat 
exchanger is provided in which the porous metal is 
made of at least one metal selected from nickel, nickel- 
chrome alloy, copper and aluminum, while the wall is 
made of an alloy o1 copper and any one of nickel and 
nickel chrome alloy, and the powdery metal is of a heat- 
resisting metal superior in heat conductivity, selected 
from silver nickel, copper and 2inc. 
[0017] In another aspect of the present Invention, a 
heat exchanger is provided in which the junction layers 
are buried in the porous metals in a way coming into 
contact with opposite sides of the wall, one to each side, 
and any first junction layer has a high heat-resisting 
property and the second junction layer has a fusing tem- 
perature more than 100 a C lower than the one, the first 
junction layer being made of joining material higher in 
fusing temperature than the second junction layer. In a 
further another aspect of the present invention, a heat 
exchanger is disclosed in which the porous metals has 
a stem while the junclion layers are bonded to the po- 
rous metals in a way the stem is either buried into the 
associated junction layer in a depth not less than a di- 
ameter of the stem in cross section or surrounded with 
the junction layer in a conical shape 
[0018] In another aspect of the present invention, a 
heat exchanger is provided in which at least one metal 
of high heat conductivity selected from copper, alumi- 
num and silver is coated on the surface of the porous 
metals by any one process of plating, dipping and vac- 
uum evaporation. In a further another aspect of the 
presert invention, the porous metals are each made 
with a groove on a surface thereof opposite to the sur- 
face bonded with the associated junction layer, the 
groove extending along flow of the fluid 
[0019] In another aspect of the present invention, a 
heat exchanger is provided in which the porous metals 
are applied over the surface thereof with a ceramic coat- 



ing of alumina or zirconia over which is distributed at 
least one catalyst selected from piatinum, platinum, va- 
nadium, rhodium, ruthenium and cerium oxide. In an- 
other aspect of the present invention, a heat exchanger 

5 is provided in which the porous metal is coated over the 
surface thereof with a plating layer of at least one ma- 
terial high in heal conductivity selected from copper, sil- 
ver and aluminum, the plating layer varying gradually in 
thickness across the junction layer. In a further another 

10 aspect of the present invention, the gradual variation in 
thickness of the plating layer over the surface of the po- 
rous metal is done by varying a time it takes for dipping 
the porous metal in a plating bath. As an alternative, an 
aluminum coating layer is made over the surfaces of the 

1S porous metal and then subjected to heat-treatment to 
precipitate a -alumina structure. 
[0020] With the heat exchanger constructed as stated 
earlier, the fins or porous metallic bodies come into 
merging integrally with the opposite surfaces of 1he wall 

20 through the junction layers without causing any local ar- 
ea where heat-transmission is obstructed, helping im- 
prove the heat conductivity between the porous metallic 
bodies and the separating wall, thereby largely increas- 
ing the effectiveness of the heat exchanger. Three-di 

25 mensional open-cell arrays in the porous metallic body 
installed in both the heat-extracting or hotter area and 
the heat-emitting or colder area in the heat exchanger 
helps provide largely extended surfaces coming in fluid- 
to-surface contact with Ihe fluids including natural gas, 

30 exhaust gases, and so on, which are allowed to flow 
through the porous metallic body, thus largely raising the 
effectiveness of the heat exchanger. 
{0021] In another aspect of the present invention, 
there is provided a heat exchanger applicable well to a 

35 turbo-generatorsystem including an exhaust turbine ex- 
tracting energy from exhaust gases exhaled out of the 
heat source of an engine Dr a combustor, a first hear 
exchanger unit installed with a porous metal to generate 
high-temperature steam by a remaining energy in the 

JO exhaust gases leaving the exhaust turbine, a steam tur- 
bine extracting energy from a high-temperature steam 
generated in the first heat exchanger unit, an electric 
generator having a rotor shaft connected to the exhaust 
turbine and the steam turbine at axially opposite ends 

45 thereof, a condenser for removing heat from a steam 
discharged out of the steam turbin e tc reduce the steam 
to a liquid, the condenser being comprised of a porous 
metal installed on a tubing that allows the steam to pass 
through there, a pump to feed a water produced in the 

so condenser into the first heat exchanger unit, and a sec- 
ond heat exchanger unit installed between the pump 
and the first heat exchanger unit to convert the water 
forced through Ihe pump into a steam by using a hot oil 
recirculating through the heat source. 

55 [0022] In another aspect of Ihe present invention a 
heat exchanger is provided in which the first heat ex- 
changer unit has an outer cylinder filled with a porous 
metal where Ihe exhaust gases are allowed to pass 
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through there, and an inner cylinder nested in the out- 
side cylinder and packed inside with a porous metal 
where asteam is allowed to flow through there, the inner 
cylinder being joined on an outside surface thereof with 
the porous metal inside the outer cylinder while on an 
inside surface thereof with the porous metal inside the 
inner cylinder through fusing metal so that the inner cyl- 
inder serves as a wall isolating the porous metals on 
opposite surfaces thereof from one another. In a further 
another aspect of the present invention, the porous met- 
als on opposite surfaces of the wall in the first heat ex- 
changer unit are joined together with the wall by fusing 
the junction layers of pasty joining material buried into 
the porous metals. Moreover, a heat insulator surrounds 
around a periphery of the outer cylinder, and the porous 
metal installed inside the outer cylinder is higher in po- 
rcsity than the porous metal enclosed in the inner cylin- 
der. 

[0023] In another aspect of the present invention, a 
heat exchanger is provided in which the inner cylinder 
is made in a way that a flow passage for the stream is 
made smaller in cross sectional area at an egress there- 
of than an ingress thereof to get a velocity of the stream 
faster at the egress. In a further another aspect of the 
present invention, a heat exchanger is provided in which 
a porous metal or a fin Is installed on a steam line mid- 
way between the steam turbine and the condenser to 
cool down the steam leaving the steam turbine. Moreo- 
ver, the condenser Is comprised of an inside liquid 
chamber having a porous metal, an outside chamber for 
cooling gas or liquid in which a porous metal is installed, 
a wall separating the inside and outside chambers from 
one another, and a steam passage extending in the liq- 
uid chamber to deliver the steam leaving the steam tur- 
bine into the liquid chamber 

[0024] In another aspect of the present invention, a 
heat exchanger is disclosed in which the porous metal 
in the in the liquid chamber of the condenser Is made 
up of a plurality of multistage porous metallic sheets, 
which are penetrated with the steam passage at the 
center thereof and joined with the wall separating the 
liquid chamber from the gas or liquid, so that the steam 
is discharged out of the steam passage into the liquid 
chamber, where the steam passes through the porous 
metallic sheets with losing a remaining energy in the 
steam. Moreover, the porous metal in the outside cham- 
ber for cooling gas or liquid is joined together with the 
wall to cool down the steam discharged out of the steam 
turbine, so that the condenser is made in either an air- 
cooled system where air is forced into the outside cham- 
ber by a blower or a water-cooled system where cooling 
water is forced to pass through there. 
[0025] In another aspect of the present invention, a 
heat exchanger is provided in which the porous metal 
installed in the liquid chamber is made of porous mate- 
rial of nickel coated with at least one corrosion resisting 
metal including silver, copper and aluminum, while the 
porous metal in the outside chamber for cooling air or 



liquid is made o1 nickel-based porous metal coated with 
aluminum. 

[0026] In another aspect of the present invention, a 
rotor shaft surrounded with a permanent-magnet rotor 

5 of the generator is flanked with the steam turbine and 
the exhaust turbine, one to each flank. 
[0027]. In another aspect of the present invention, 
electric power produced by the generator is supplied to 
either a motor to drive a compressor to force air inlo the 

'o heat source oramotorto spin a crankshaft ofthe engine 
through an inverter 

[0028] In another aspect of the present invention, 
there is a heat exchanger applicable to a fuel-reforming 
system Installed in an exhaust line Irom an engine to 

is convert a natural gas into a reformed fuel of H 2 and CO 
by using heat energy of exhaust gases of the engine 
where the reformed fuel ignites and bums. 
[0029] In another aspect of the present invention, the 
fuel-reforming system nas absorption means to absorb 

2° C0 2 out of the exhaust gases, and catalyst means to 
help convert the natural gas into the reformed fuel, 
whereby heat energy is reclaimed Irom the exhaust gas- 
es 

[0030] In another aspect of the present invention, the 

■25 fuel-reforming system includes a cylindrical shell having 
inlet ports and outlet ports, an circular rotary vessel sup- 
ported for rotation in the cylindrical shell and provided 
therein with radial partition plates to form compartments 
juxtaposed in circular direction porous metals accom- 

•30 modated in the compartments, the porous metals hav- 
ing a absorbing material and a catalyst thereon, and the 
exhaust line, steam line and natural gas line are com- 
municated respectively to the inlet and outlet ports in the 
cylindrical shell. 

55 [0031] In a further another aspect of the present in- 
vention, the fuel-reforming system includes valve 
means to control sequential flows ol exhaust gases from 
the exhausl line, steam from the steam line, and natural 
gas 'uel from the natural gas line into the rotary vessel. 

to [0032] With the heat exchangerconstructed as stated 
earlier, the porous metal lying in the flow of fluid provides 
surface extension enough to make sure of high efficien- 
cy of the heat exchanger For reusing the heat energy 
stored in the exhaust gases from the engine to convert 

« a liquid into a vapor or reduce a spent vapor to a liquid, 
the heat excnanger needs high efficiency. 
[0033] Now considering theoretically about the heat 
transmission from a hot gas to a solid in the heat ex- 
changer the greater the gaseous body isin heattransfer 

so rate, the moie heat is transferred. Heat transfer rate ol 
the gaseous body is determined depending on Rey- 
nolds' number expressed as a function of the velocity 
and the kinematic viscosity, Prandtl number represent- 
ing physical characteristics of gaseous body, the heat 

55 conductivity, and Nusselt number expressed as a func- 
tion of Reynolds' number. The relation is written as 
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o g 1 = N u • X/X 

Nu-K. Re m ■ Pr n 

R e = U ■ X / v 

where a g1 is heal transfer rate, N'u is Nussoll number. 
X is heal conductivity, K is conslanl Re is Reynolds' 
number, Pr is Prandtl number, U is representative ve- 
locity, v is kinematic viscosity, and X is representative 
length. 

[0034] It will be said that of all terms in the relations 
stated earlier, the most far-reaching terms on heat trans- 
fer rate is Reynolds' number, which is a (unction ol ve- 
locity. When a fluid flows over a surface of solid, the fluid 
jusl adjacent to the solid surface would have no velocity, 
and the farther away the fluid is from the solid surface, 
the faster the fluid flows over the solid surface Thus, 
Reynolds' number is determined depending on (low 
characteristics neighboring the solid surface. 
[0035] Moreover, the following conditions will be con- 
sidered to increase the heat transmission from a gase- 
ous body to the solid: 

1 . Contact area of the solid with Ihe gaseous body 
is increased when the gaseous body flows over the 
solid: 

2. The solid is dispersed widely in the form of con- 
tinuous net in the flow of gaseous body: 

3. The heat-transfer solid to absorb the heat is nhade 
of a material superior in heal transfer rate to transfer 
much heal lo a partition wall installed between two 
fluids in the heal exchanger: 

4. The heat-transfer solid to absorb the heat is 
joined integrally with the partition wall to make sure 
of eflective heat transmission: 

5. The transferred heal is effectively desorbed 
through the heat lransler solid in colder fluid. 

[0036] FIG. 1 is a schemalic view of a basic model 
that would implement all the conditions 1 -5 stated jusl 
above. For much heat Iransfer in the heal transfer/trans- 
mission systems, it will be preferred to curb the velocity 
of gaseous body while increase the area of heat-transfer 
surface, rather than raising the velocity of gaseous body 
lo increase Reynolds' number, thereby growing Ihe 
quantity of transferred heat. 

[0037] Now. the heat-transfer from heat extraction to 
the heal emission in the heal exchanger will be figured 
out later with reference lo FIGS. 1 and 2. The quantity 
Q cf hoat transferred in the heat exchanger having fluid 
passage of a circular tubing 4 with a fin 3 as shown in 
FIG. 2 is lin ked to coefficient of overall heat transmission 
K (unit: W/m 2 ■ K ) as defined by: 



Q = K ■ A r • A T 

in which Q is quantity of heat transferred, K is coefficient 
5 of overall heat transmission, Ar is reference area, and 
AT is temperature difference. 

[0038] Moreover, the coefficient of overall heat trans- 
mission Kwhen heat is transmitted between fluids inside 
and outside through a tube wall A with a fin 3 as in FIG. 
<o 2 is given by a general formula 1 : 

d[ . do di 

K"hi + 2X' di + do ho (Afff t Ab) /Ar 

'5 where hi is heat Iransfer rate on radially inside surface 
(W/m 2 • K). ho is heat transfer rate on radially outsido 
surface (W/m2- K). X is heal conductivity of a lube, di 
is inside diameter of a tube wall (m), do is outside diam- 
eter of a tube wall (m), Af is fin-mounted area (m 2 ) inside 

20 the tube wall, ;t> f is fin efficiency, Ab is outer peripheral 
area (m 2 ) between adjacent fins, Ar is reference area 
(ouler peripheral area corresponding a pitch of succes- 
sive fins, m 2 ). and In is natural logarithm. 
[0039] The term In (do/ di) in the formula stated earlier 

25 is modified with [di/2] ln(do/dl) when the tube wall 4 has 
a large difference between do and di, and moreover 
modified with do/di (Af 4> f +Ab) /Ar for fin-mounted tube 
wall 4. The reason is that the area of heal-lrensfer sur- 
face so much varies relatively to reference area. 

30 [0040] With the tube wall 4 there is not much differ- 
ence between do and di, the coefficient of overall heat 
transmission K is expressed by the following general for- 
mula 2: 

3 5 i_ = (di-do) 1 

K" hi + X ho (Af 4>f i- Ab) /Ar 

[0041] Based on the above, the basic principle on the 
effectiveness of the heat exchanger will be considered 
JO as explained in ihe following wilh reference lo FIGS. 1 
and 2. 

[0042] Heat is transmitted from hot gas GA in a heat- 
exlracling or holler area 7, referred lo holler area 7 here- 
inafter, to a cold gas GB in a heat-emitting or colder area 

8, referred lo colder area 8 hereinafter, through a parti- 
tion wall 2 separating the two gases from one another. 
In both the hotter and colder areas 7 and 8, there is pro- 
vided a porous mclallic body 1 . one to each area which 
has many stems 5 integrally merged together with the 

so partition wall 2 with the help of any one of junction layers 

9, 10. the porous metallic body 1 itsell is made up ol 
many stems 5 and Iwigs or whiskers 6 branching from 
the stems 5, which arc randomly dispersed and enlan 
gled on themselves to form open-cells. It is normally said 

55 that the coefficient of overall heat transmission K is 
linked lo heat transfer rates on hotter and colder areas 
For the heal exchanger in which the partition wall 2 sep- 
arating Ihe two fluids is made over Ihe opposile surfaces 



6 



11 



EP 1 418 397 A2 



12 



thereof with either fins 3 (refer to FIG. 2) or the porous 
metallic body 1. nevertheless, experimenting results 
suggested that any extended surface effect must be 
considered to get test results tallying with the theoretical 
coefficient of overall heat transmission K. With the heat 
exchanger of the basic principle model in FIG. 1 to en- 
large or increase the heat-transfer surfaces in the hotter 
and colder areas, it will be considered that the heat- 
transfer surface made up of the stems 5 and twigs 6 
branching away in all directions can amplify the coeffi- 
cient of overall heat transmission K three to five times. 
Thus, it remains a major challenge to solve the issues 
of how to increase the contact areas with the fluids to 
raise the coefficient of overall heat transmission in the 
heat exchanger, especially, how to make the porous me- 
tallic body merge integrally together with the partition 
wall separating the two fluids from one another. 
[0043] With the heat exchanger of the present inven- 
tion constructed according to the basic principle as stat- 
ed earlier, the porous metallic body comes into merging 
integrally with the partition wall through the junction lay- 
er without any local area where heat-transmission is ob- 
structed, helping improve the heat conductivity between 
the porous metallic body and the partition wall, thereby 
largely increasing the effectiveness of the heat ex- 
changer Three-dimensional open-cell arrays in the po- 
rous metallic body installed in both the hotter and colder 
areas in the heat exchanger helps provide large surface 
extension coming in fluid-to-surface contact with the flu- 
Ids Including natural gas. exhaust gases, and so on. 
which are allowed to flow through the porous metallic 
body, thus largely raising the effectiveness ot the heat 
exchanger. 

[0044] Embodiments of the present invention will now 
be described by way of example only, with reference to 
the accompanying drawings, in which:- 

FIG. 1 is a conceptual schematic view to explain a 

basic principle of a heat exchanger in accordance 

with the present invention: 

FIG. 2 is a schematic view to explain coefficient ol 

overall heat transmission in a tube circular in cross 

section: 

FIG. 3 is a schematic illustration of a model to im- 
agine how heat flows through across the heat ex- 
changer of the present invention: 
FIG. 4 is a schematic view showing a model at a 
colder area side of the heat exchanger of the 
present invention: 

FIG. 5 is a schematic view of a model to illustrate 
how a plating layer varies at a colder area side 01 
the heat exchanger ol the present invention: 
FIG. 6 is a schematic view of a model to explain how 
heat flows at a hotter area side of the heat exchang- 
er of the present invention 
FIG 7 is schematic view illustrating a model of the 
heat exchanger ol the present invention, which is 
applied to a fuel-reforming system: 



FIG. 8 is a schematic block diagram to explain a 
basic principle of a turbo-generator system where 
the heat exchangers of the present invention are in- 
corporated therein: 
5 FIG. 9 is a schematic sectioned view of a first heat 
exchanger incorporated in the turbo-generator sys- 
tem of FIG 8: 

FIG. 10 is a sectional view, partially schematic, 
showing a preferred embodiment of the fuel-reform- 
io ing system where the heat exchangers of the 
present invention are incorporated therein: 
FIG. 11 is a cross-sectional view ot the fuel-reform- 
ing system of FIG. 10 taken on the plane of line I - 

I of the same figure: 

'S FIG. 12 is a sectional view, partially schematic, 
showing another embodiment of the fuel-reforming 
system where the heat exchangers of the present 
invention are incorporated therein: and 
FiG. 13 is a cross-sectional view of the fuel-reform- 

2° ing system of FIG. 12 taken on the plane of line II - 

II of the same figure. 

[0045] Preferred embodiments of a he.at exchanger 
according to the present invention will be explained 
25 hereinafter in detail with reference to the accompanying 
drawings 

[0046] With the heat exchanger of the present inven- 
tion, as shown in FIG. 3, any one ol two fluids at different 
temperatures or a hot fluid GA flows through a hotter 

so area 7 while another fluid or a cold fluid GB flows through 
a colder area B. Heat is transferred from the hotter area 
7 to the colder areas 8. The hot fluid is, for example, 
heated exhaust gases coming out of any heat source 
including engines and cornbustors , whereas the cold flu- 

-■5 Id is cool natural gases that will be pyrolyzed to produce 
a reformed fuel 

[0047] The heat exchanger has partition wall 2 to sep- 
arate the hotter area 7 and the colder area 8 from one 
another, where porous metallic members 11,12 (the en- 

■>o tire porous metallic member is designated by reference 
number 1) are disposed, one to each area, and joined 
to opposite side surfaces of the partition wall 2. The po- 
rous metallic body 1 has many stems 5 that are joined 
or merged together with the partition wall 2 through junc- 

45 tion layers 9, 1 0, the partition wall 2 being made of any 
metal superior in heat conductivity. The stems 5, as 
seen in FIG. 4, each branch out into many twigs or 
whiskers 6. The stems 5 may be varied in their cross 
section depending on whether they are in the hotter area 

so 7 or in the colder area 8. 

[0048] With the heat exchanger of the present inven- 
tion, moreover, Junction layers 9, 10 made a paste of 
joiningmaterial kneaded with any powdery metal are ap- 
plied over an outside surface of the porous metallic body 

55 1 in a way filling in open-cells in a depth from the outside 
surface. The junction layers 9, 10 over the porous me- 
tallic body 1 are brought into close contact with the par- 
tition wall and subjected to sintering to join tne porous 
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metallic body 1 together with the partition wall 2. The 
powdery metal kneaded in the joining material to make 
the paste is selected from any melals rich in corrosion- 
resistant and heat-resistant properties, including silver 
nickel, copper, zinc, aluminum, and so on. The porous 
metallic body 1 is composed of a metal selected from 
nickel, copper, aluminum, and so on. The partilion wall 
2 is made of a metal high in heat conductivity including 
nickel, copper, and so on. Moreover, the powdery metal 
contained in 1he junction layers 9, 1 0 is composed of a 
heat-resistant metal superior in heat conductivity includ- 
ing silver, nickel, copper, zinc, and so on. 
[0049] Of the junction layers 9, 10 disposed across 
the partition wall 2. the first junction layer 9 buried in the 
porous metallic member 11 in the hotter area 7 has a 
heat-resistance enough to surfer higher temperature 
whereas the second junction layer 1 0 buried in another 
porous metallic member 12 in the colder area 8 has a 
moderate resistance endurable about 100 "C relatively 
colder than in the first junction layer 9. Thus, the first 
junction layer 9 is made of such a material that sintering 
may be done with a temperature below that in the sec- 
ond junction layer 10. To ensure the porous metallic 
members 11,12 merge together into the oppos ite sides 
of the partition wall 2, the first junction layer 9 buried into 
the porous metallic member 11 In the hotter area 7 is 
first placed in close contact with the associated side of 
the partition wall 2 and then sintered at elevated tem- 
perature to join securely the porous metallic member 11 
with the partition wall 2 through thesinteredfirstjunction 
layer S. Subsequently to the sintering at elevated tem- 
perature stated earlier, the second junction layer 10 bur- 
ied into the porous metallicmember 12 in the colder area 
8 is brought in dose contact with the associated side ot 
the partition wall 2, followed by being sintered at mod- 
erate temperature to join the porous metallic member 

1 2 with the partition wall 2 by virtue of the sintered sec- 
ondjunction layer 10. without causingdegradation ofthe 
sintered first junction layer 9. As an alternative, the par- 
tition wall 2 is flanked with the porous metallic body 1 in 
close engagement with them, which is joined with the 
partition wall 2 simultaneously at the opposite sides of 
the wall 2 With the modification stated just earlier, both 
the first and second junction layers 9, 10 may be made 
of the same material or any substance substantially 
equivalent in heat-resistant prcperty. 

[0050] The porous metallic member 11 is covered 
over the outside surface thereof with any metal s uperior 
in heat conductivity, including copper silver aluminum, 
and so on, by means of any coating including metal plat- 
ing dipping, vacuum evaporation, and do on. On the 
other hand, another porous metallic member 12 is ap- 
plied over the outside thereof with any ceramic skin in- 
cluding alumina 'Al 2 0 3 ) ; zirconium oxide (Zr0 3 ) : and so 
on. on which ceramic sk ; n is distributed a catalyst layer 

13 including platinum, vanadium, nickel, ihodium. ruthe- 
nium, cerium oxide (Ce 2 0 3 ), and so on for catalytic re- 
forming of, Icr example natural gas. 



[0051] Moreover, the plating layer 51 of any metal 
high in heat conductivity such as copper, silver, alumi- 
num and the like, as shown in FIG 5, is applied over the 
porous metallic members 11. 1 2 in a way varying grad- 
5 ually in thickness across the junction layers 9, 1 0. Grad- 
ual change in thickness ol the plating layer 51 on the 
porous metallic members 11, 12 as in FIG. 5 can be 
made by varying the time it takes lor dipping the porous 
metallic members 11, 12 in a solution containing the de- 

io S jred surface material Moreover, aluminum coating lay- 
er is made on the surfaces of the porous metallic mem- 
bers 1 1 . 1 2 and then subjected to heat-treatment to pre- 
cipitate a corundum crystalline of a -alumina structure, 
which helps enhance the porousmetallic members 11. 

'5 12 in mechanical strength and corrosion resistance, and 
also torm much roughness including voids or cells over 
the outside surfaces of ihe porous metallic members 11 . 
12 to provide a largely extended surface area, thereby 
improving the effectiveness of the heat exchanger. 

20 [0052] FIG. 4 shows schematically a unit area to im- 
agine a stem 5 joined with the partition wall 2, along with 
twigs 6 branching out from the stem 5 ol the porous me- 
tallic member 12 in the colder area 8. In the junction lay- 
ers 9, 10 on the porous metallic members 11, 12, the 

25 stem 5 of the porous metallic member 12 comes into 
engagement with the partition wall 2 in a way buried in 
a deoth L more than a diameter D of the stem 5 in cross 
section Thus, the porous metallic members 11, 12 
come Into Joining at their many stems 5 together with 

so the partition wall 2 through the junction layers 9, 10. 
Many twigs 6, as shown in FIG. 6, get entangled and 
intersected with each other to leave clearances among 
them, which provide open-cells 14 to make sure of 
smooth flow of fluids GA, GB With the porous metallic 

35 members 11, 12 constructed as stated earlier, the hotter 
area 7 helps provide a largely extended heat-extracting 
surface area making contact with the hot fluid to transmit 
heat energy from the fluid 1o the partition wall 2 while 
the colder area 8 provides a heat-emitting contact area 

•10 with the cold fluid, which is largely extended enough to 
make certain of smooth transmission of heat from the 
partition wall 2 to the cold fiuid. 

[0053] Alternatively, there may be made any grooves, 
not shown, along the flow direction of the cold fluid GB 

is on a surface of the partition wall 2, which is in opposition 
to a surlace of the wall 2 on which there is attached the 
junction layer 9 on the side of the hotter area. 
[0054] The heat exchanger of the present invention is 
suited, for example, for a fuel-reforming system 15 as 

50 in FIG. 7. The fuel-reforming system 1 5 includes a pair 
of heat exchanger units 16. 17, which are equal in con- 
struction with one another and contained in an enclo- 
sure 18. The two heat exchanger units 16, 17, one for 
reforming a natural gas and the other for capturing C0 2 

55 gas, work sequentially, alternatively to pyro!y7e Ihe nat- 
ural gas with heat eneigy of exhaust gases in the pres- 
ence of C0 2 gas. The two heat exchanger units 16, 17 
are separated from one another through a thermal iso- 
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lation layer 19. The heat exchanger unils 16, 17 are 
each made in a layered construction where there are 
provided the hotter area 7 to allow the exhaust gases to 
flow through there, the colder area 8 for the natural gas, 
and the partition wall 2 interposed between the hotter 
area 7 and the colder area 8 to separate them from one 
another. The colder area 8 is filled with the porous me- 
tallic member 1 2, on the surface of which a catalyst layer 
1 3 is distributed to promote the pyrolysis ol. for example 
the natural gas flowing through the colder area 8. The 
hotter area7 hastheporous metallic merrber11 therein, 
which is coated with any absorbent including zeolite, 
lithium zirconate, and so on to recover C0 2 gas from, 
lor example the low-temperature exhaust gases. It will 
be understood that the captured C0 2 gas will be used 
lor the pyrolysis of natural gas. 
[0055] The fuel -reforming system 1 5 is, for example, 
arranged downstream of an exhaust pipe of an engine 
to convert the natural gas into the reformed fuel in the 
presence of any catalyst by using the heat energy re- 
claimed from the exhaust gases. The fuel-reforming 
system 15 is installed on a turning shaft in any housing 
with the enclosure 18 being made with gas lines opened 
to other systems. The enclosure 18 is divided into the 
two heat exchanger units 16 and 17, which are each 
separated into the hotter area 7 and the colder area 8. 
which are isolaled from one another by means of the 
partition wall 2. The high-temperature exhaust gases 
flows Inlo the hotter area 7 at an upstream ingress, fol- 
lowed by passing through trie hotter area 7 and leaving 
the area 7 a1 a downstream egress. The natural gas is 
charged along with air and vapor at an upstream ingress 
into the colder areaS in which the catalyst is distributed. 
In the colder area 8, the natural gas is reformed in the 
presence of the catalyst and the reformed fuel leaves 
the colder area 8 at a downstream egress. 
[0056] With 1he fuel-reforming system 1 5 constructed 
as stated earlier, the C0 2 gas needed for pyrolysis of 
the natural gas is captured out of the low-temperature 
exhaust gases in absorptive reclamation on the porous 
metallic member 12. To this end, the high-temperature 
exhaust gases are first led through the porous metallic 
member 11 in the hotter area 7 of any one heat exchang- 
er unit 1 6, where the hotter exhaust gases results in los- 
ing somewhat heat energy, getting a low-temperature 
exhaust gases. The resultant exhaust gases at low-tem- 
perature is then introduced into the porous metallic 
member 12 in the colder area 8 of other heat exchanger 
unit 17. where the C0 2 gas is absorbed by zeolite and/ 
or by reaction with lithium zirconate. Thereafter, the en- 
closure 18 makes a half turn There the high-tempera- 
ture exhaust gases are admitted to flow through the po- 
rous metallic member 1 1 in the hotter area 7 of the other 
heat exchanger 1 7 while the natural gas either alone or 
added with steam and exhaust gases is allowed to pass 
through the porous metallic member 1 2 in the colder ar- 
ea 8 of the heat exchanger unit 17, whereby the heat 
energy transferred from the heller exhaust gases flow- 



ing through the hotter area 7 converts the natural gas 
into the reformed fuel of hydrogen and carbon monoxide 
in the colder area 7. Thus, the relorming of the natural 
gas can be successively done by carrying o ut repeated- 
s ly the procedures stated earlier. 

[0057] With the fuel-reforming system 1 5 constructed 
as stated earlier, the porous metallic body 1 filling in both 
the hotter and colder areas 7, 8 can emit radiation heat, 
helping improve the effectiveness of the heat exchang- 
er, use the heat energy stored in the exhaust gases to 
rearrange the natural gas in properties, thereby convert- 
ing major component: CH 4 in the natural gas into H 2 and 
CO. The reclaiming of CC 2 gas from the exhaust gases 
preparatory to the reforming of the natural gas makes it 

'5 possible to avail the hotter exhaust gases to alter the 
properties of natural gas in the presence of C0 2 . 
[0058] Next, embodiments of a turbo-generator sys- 
tem combined with the heat exchanger of ihe present 
invention will be explained belcw with reference to 

20 FIGS. 8 and 9. 

[0059] The turbo-generator system includes the pro- 
vision of a steam turbine improved in possible efficiency 
to convert heat energy in an exhaust gases from any 
heat source or engine 20 into either electric or kinetic 

25 energy. According to the turbo-generator system stated 
later, an exhaust turbine 21 needs to be curbed moder- 
ately in turbine inlet pressure to relieve the engine 20 
from loss of power, which might occur because the en- 
gine 20 is exposed to any excess load In exhaust phase 

30 thereof. To this end, there is provided a first heat ex- 
changer unit 24 1o convert the heat energy stored in the 
exhaust gases into steam power cf elevated stem pres- 
sure to drive a steam turbine 22. To actuate the steam 
turbine 22 with the highest possible efficiency, a con- 

35 denser 25 of heat exchanger is installed at a steam tur- 
bine outlet side. In the condenser 25, the steam having 
left the steam turbine 22 is reduced down in temperature 
and pressure, for example, below 0.05 kg/cm 2 , thus 
transformed to a liquid state. This helps improve the et- 

■>0 ficiency of the steam turbine 22. 

[0060] The turbo-generator system stated earlier in- 
cludes the exhaust turbine 2 1 extracting energy from ex- 
haust gases EG exhaled out of the heat source 20 
through an exhaust line 45, a first heat exchanger unit 

45 24 installed with the porous metallic body 1 to generate 
high-temperature steam by the remaining energy in the 
exhaust gases EG leaving Ihe exhaust turbine 21 . the 
steam turbine 22 extracting energy from a high-temper- 
ature steam SG generated in the first heat exchanger 

50 unit 24 and fed through a steam line 46, and an electric 
generator 23 driven with the exhaust turbine 21 and the 
steam turbine 22, which are connected to a rotor shaft 
of the generator 23 at opposite ends. The turbo-gener- 
ator system, moreover, includes the condenser 25 for 

55 lemoving heal from a steam SG discharged out of the 
steam turbine 25 to reduce the steam to a liquid, the 
condenser being comprised of a porous metallic mate- 
rial surrounding around a tubing that allows Ihe steam 
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to pass through there, a pump 27 to teed the water W 
produced in the condenser 25 into the first heat ex- 
changer unit 24, and a second heal exchanger unit 28 
installed between the pump 27 and the first heat ex- 
chenger unit 24 to convert the water W forced through 5 
the pump 27 into a steam by using a hotter oil O recir- 
culating through the heat source 20. In the generator 
system recited above, Rankine cycle is mainly com- 
posed of the first heat exchanger unit 34, the steam tur- 
bine 22, the pump 27 and the second heat exchanger to 
unit 28. 

[0061] The first heat exchanger unit 24, as illustrated 
in FIG. 9, has an outer cylinder 29 filled with a porous 
metallic member 31 where exnaust gases EG are al- 
lowed to pass through there, an inner cylinder 30 nested is 
in the outside cylinder 29 and packed inside with a po- 
rous metallic member 32 where a steam SG is allowed 
to flow through there, and a partition wall 33 to isolate 
the inside of the outer cylinder 29 from the inside of the 
inner cylinder 30, the porous metallic members 31 , 32 20 
being joined with the opposite sides ol the partition wall 
33 through many stems of the porous members. Thus, 
it will be understood that the partition wall 33 is consti- 
tuted with the inner cylinder 30. The porous metallic 
members 31 , 32 lying on opposite sides of the partition £5 
wall 33. one to each side, are integrally merged together 
with the associated surfaces of the partition wall 33 by 
sintering process of junction layers that are ol a paste 
of joining material kneaded with any powdery metal and 
buried in the porous mela'lic members 31 , 32. so 
[0062] Around a circular periphery of the outer cylin- 
der 29 of the first heat exchanger unit 24, there is ar- 
ranged a heal insulator 41 to keep the exhaust gases 
EG against losing heat energy by radiation. Moreover 
open-cellular material for the porous metallic member 35 
31 installed inside the outer cylinder 29 is higher in po- 
rosity than another open-cellular material tor the porous 
metallic member 32 enclosed in the inner cylinder 30 to 
make certain of smooth flow ol the exhaust gases to 
thereby keep the engine 20 against any loss that might ->o 
be otherwise caused by undue back pressure Moreo- 
ver, the inner cylinder 30 nests therein a center wall 35 
tapered in a fashion that the flow passage for the stream 
SG is made smaller in cross sectional area at the side 
of an egress 56 than an ingress 55 to get the velocity ol **5 
the stream SG faster at the egress 56, increasing Rey- 
nolds' number, thereby raising the heat transfer rate. In 
this case statedjust earlier, it is preferredthat the steam 
line 46 communicated with the egress 56 of the inner 
cylinder 30 is designed in a way becoming equal in cross 5° 
section with the egress 56. With this design considera- 
tion, the steam SG having increased in velocity during 
flowing though the inner cylinder 30 will be kept against 
getting reduced with expansion after the steam SG has 
left the egress 56 into the steam line 46 Although but 55 
the tapered center wall 35 in FIG. 3 is shown made in a 
way the steam SG flows along the outside of the center 
wall, it will be app'ecialed that the taper may be turned 



upside down to allow the steam SG flowing along the 
inside of the tapered wall, not shown, and communicat- 
ing into the steam line 46. Moreover, the steam SG is 
wet steam and therefore a nozzle 52 is installed in the 
steam line4B a1 the inlet side of the first heat exchanger 
unit 24 to deliver atomized water jetting out of spray or- 
ifices 53 of the nozzle 52 to elevate the heat-transfer 
efficiency of the first heat exchanger unit 24 
[0063] With the turbo-generator system discussed 
here, moreover, a porous metallic member 37 is ar- 
ranged in the steam conduit 36 midway between the 
steam turbine 22 and the condenser 25 to cool down the 
steam SG leaving the steam turbine 22. The condenser 
25 is comprised of an inside liquid chamber 39 having 
a porous metallic member 34 therein, an outside cham- 
ber 40 forcooling gas or liquid in which a porous metallic 
member 57 is installed, a partition wall 38 separating the 
inside and outside chamber 39, 40 from one another, 
and a steam passage 26 extending in the liquid chamber 
39 to deliver the steam SG leaving the steam turbine 22 
into the liquid chamber 39. Moreover, the porous metal- 
lic member 34 in the liquid chamber 39 of the condenser 

25 is made up of a plurality of multistage porous metallic 
sheets 42, which are penetrated with the steam passage 

26 at the center thereof and joined with the partition wall 

38 along the periphery thereof. The steam SG dis- 
charged out of the steam passage 26 into the liquid 
chamber 39, where the steam SG passes through the 
porous metallic sheets 42 with losing the remaining en- 
ergy in the steam, once sufficient heat is eliminated, liq- 
uefaction occurs. The porous metallic member 57 sur- 
rounding around the partition wall 38 is arranged to ex- 
tend the heat-transfer surface coming in contact with the 
cooling gas or liquid 'lowing through the outside cham- 
ber 40. 

[0064] The condenser 25 to cool down the steam SG 
leaving the steam turbine 22 is made in either an air- 
ccofed system where air is forced into the outside cham- 
ber 40 by a blower 43 or a water-cocled system where 
cooling water is forced to pass through there The po- 
rous metallic member 34 installed in the liquid chamber 

39 is made of porous material of nickel coated with any 
corrosion resisting metal including silver, copper, alumi- 
num, and so on, while the another porous metallic mem- 
ber 57 in the outside chamber 40 tor cooling air or liquid 
is made of nickel-based porous metallic material coated 
with aluminum, and sc on. 

[0065] A rotor shaft surrounded with a permanent- 
magnet rotor of the generator 23 is flanked with the 
steam turbine 22 and the exhaust turbine 21, one to 
each flank. Electric power produced by the generator 23 
is partially supplied to a motor 44 through a conductor 
50 to drive a compressor to force air into the heat source 
20. The electrc power is in part consumed to drive the 
motor 44 to spin a drive shaft and a crankshaft to start 
the engine. On axially opposite ends of the rotcr shaft 
of the generator 23, there are installed the exhaust tur- 
bine 21 driven by Ihe exhaust gases EG and the steam 
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turbine 22 driven with the steam SG produced by the 
heating in the first heat exchanger unit 24. The exhaust 
gas and steam energies rotate the rotor shaft, torque of 
which is reclaimed in the electric power through gener- 
ator 23 s 
[0066] Moreover, 1he second heat exchanger unit 28 
cools down oil heated in recirculating through the engine 
20 while converts the water W in Rankine cycle into the 
steam SG. The heated oil 0 including engine oil, lubri- 
cating oil, and so on recirculating through the engine 20 *o 
is fed into the second heat exchanger unit 28 through a 
hotter oil line 49, while e cooled oil 0 is fed back to the 
engine 20 through a colder oil line 49. The water W dis- 
charged out of the pump 27 is delivered through a water 
line 47 as a cooling medium into the second heat ex- »s 
changer unit 28 where the water W is heated to be con- 
verted into a lew-temperature steam that is in turn sup- 
plied through a steam line 48 into the first heat exchang- 
er unit 24, where the low-temperature steam is bocsted 
in temperature by the transfer of heat from the hot ex- 20 
haust gases EG, and the resultant high-temperature 
steam SG is delivered into the stesm turbine 22 through 
a hoi steam line 46. 

[0067] Referring next to FIGS. 10 and 11 . there is 
shown a preferred embodiment of a fuel-reforming sys- 25 
tern 15 having incorporated with the heat exchanger of 
the present invention. 

[0068] The fuel-reforming system 15 includes valve 
means to control the sequential flows of exhaust gases, 
steam, natural gas fuel and air: an exhaust valve 86, a 30 
steam valve 82, a natural gas valve 83 and an air valve 
85. The fuel-reforming system 15 further includes a cy- 
lindrical shell 61 having a plurality of inlet ports 72 at any 
one of axially opposite ends thereof and a plurality of 
outlet ports 73 at the other end, and an circular rotary 35 
vessel 62 supported for rotation in the cylindrical shell 
61 and provided therein with radial partition plates 69 
(corresponding the partition wall 2 isolating the hotter 
and colder areas 7 and 8 from one another), which are 
positioned at c'rcular intervals to form compartments 75 -*c 
juxtaposed in circular direction With the fuel-reforming 
system 15 constructed as stated earlier, the inlet ports 
72 of the cylindrical shell 61 are communicated hermet- 
ically through sealing members 79 to, respectively, an 
exhaust line 64, a steam line 65, a natural gas intake *s 
line 66 and an air intake line 84, The outlet ports 73 of 
the cylindrical shell 61 are communicated hermetically 
through other sealing members 79 to, respectively, an- 
other exhaust line 64, another steam line 55, a reformed 
product delivery line 70 and another air inlake line 84. so 
The reformed product delivery line 70 and another air 
intake line 84 are merged into a single line that is com- 
municated with a suction line 80. The natural gas inlake 
line 6 lies in lengthwise alignment with the reformed 
product delivery line 70 The compartments 75 in the 55 
rotary vessel 62 have contained therein porous metallic 
bodies 63, one to each compartment, which have the 
function lo alter the properties of natural gas 



[0069] The rotary vessel 62 is fixed to a turning shaft 
74 that is supported in the shell 61 for rotation through 
bearings 76. The rotary vessel 62 is made on one axially 
end thereof with ingress openings allowed to come in 
alignment with the inlet ports 72 in the shell 61 while on 
the other end thereof with egress openings 68 allowed 
to come in alignment with the outlet ports 73 in the shell 
61. Fuel line Is made up of the natural gas intake line 66 
connected to the associated inlet port 72 in the shell 61 
and the reformed product delivery line 70 opened to the 
associated outlet port 73 in the shell 61 , the natural gas 
intake line 66 and the reformed product delivery line 70 
being positicned in a way lying in axial alignment with 
one another. The rotary vessel 62 is enclosed in the shell 

61 with a vacuum space 78 being left between them, 
and supported for rotation through bearings 76. The ro- 
tary vessel 62 driven in circular direction by means of a 
motor 71 that is controlled with commands sent from a 
controller 60. 

[0070] The porous metallic body 63 is composed of a 
metal including Ni Cr Fe, and so on The porous me- 
tallic body 63 is coated over the overall surface thereof 
with alumina over which powdery zeolite is applied to 
absorb C0 2 gas from the exhaust gases. On the surface 
of the powdery zeolite, there is distributed a catalyst lay- ' 
er including Pt, Ru, Ni, Pd, Al 2 0 3 . and so on to promote 
the thermal reforming of the natural gas into the prod- 
ucts of H 2 and CO. 

[0071] Depending on commands issuedfrom the con- 
troller 60, the motor 71 gets the rotary vessel 62 starting 
to rotate, coming to rest, turning in intermittent manner, 
and turning with variable rpm. In the reforming system 
15, the exhaust gases are introduced through the ex- 
haust line 64 into the compartment 75 In the rotary ves- 
sel 62 in which the C0 2 gas is absorbed by the zeolite 
appl.ed on the surface of the porous metallic body 63. 
Subsequently, the steam produced with heat energy in 
the exhaust gases is led through the steam line 55 into 
the compartment 75 to thereby expel the exhaust gases 
containing oxygen therein out of the compartment 75. 
Natural gas is then charged through the natural gas line 
56 intotheccmpartment75 wherethe reaction cf natural 
gas with C0 2 absorbed by zeolite and/or activated car- 
bon s carried out in the presence of steam to reform the 
natural gas into the product of CO and H 2 . 
[0072] The rotary vessel 52 is formed in, for example 
hollow cylinder such as circular cylinder. The rotary ves- 
sel 62 is also provided therein with radial partition plates 
69 to form the compartments 75 defining rooms 81 in 
which are disposed porous metallic bodies 63. one to 
each room. In reforming process cf the fuel-reforming 
system 15 of the present invention, as the rotary vessel 

62 turns in the shell 61 , the ingress openings 67 and the 
egress openings 68 formed In the rotary vessel 62 pass 
successively across I he inlet and outlet ports 72 and 73 
in the shell 61. respectively, which are communicated 
with the exhaust line 64 steam line 65, natural gas line 
66 and the air intake line 73. The conlroller 60 is provid- 
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ed to apply the commands to the motor 71 to control the 
turning operation of the rotary vessel 62 so as to keep 
the rotary vessel 62 at the optimal operating condition. 
Thus, the motor 71 gets the rotary vessel 62 starting to 
rotate, coming to rest, turning in intermittent manner, s 
and turning with variable rpm. 

[0073) With the fuel-reforming system 15 constructed 
as stated earlier, the exhaust gases are introduced 
through the exhaust line 64 into the compartment 75 in 
the rotary vessel 62 in which the C0 2 gas is absorbed '° 
by the zeolite and/or activated carbon on the surface ot 
the porous metallic body 63. Subsequently, the steam 
produced with heat energy in the exhaust gases is 
charged into the compartment 75 to thereby expel the 
remaining 0 2 out of the compartment 75. There natural ts 
gas is fed into the compartment 75 where CH 4 in the 
natural gas is converted into the reformed fuel of CO 
and H 2 in the presence of C0 2 absorbed by zeolite and/ 
or activated carbon, while the reaction ot CH 4 with H 2 0 
is carried out to obtain the reformed fuel of CO and H 2 . 20 
All the natural gas is converted into the reformed fuel of 
CO and H 2 . The reformed fuel is led, along with air in- 
troduced through the air intake line 84 into the compart- 
ment 75, through the air intake line 80 and then an air 
intake manifold into the engine. -zs 
[0074] The fuel-reforming system 15, not only to the 
embodiment constructed as stated earlier, can be made 
in a facilitated construction as shown in FIGS. 12 and 
1 3, in which the steam line 65 is closed at the outlet side 
thereof to get the heat energy in the steam consumed so 
completely to reform natural gas (the reaction of the re- 
action of CH 4 with H 2 0 is carried out to convert the nat- 
ural gas into the relormed fuel of CO and H 2 ). 
[0075] With the fuel-reforming system 15 of facilitated 
construction, the inlet pons 72 of the cylindrical shell 61 35 
are communicated hermetically through sealing mem- 
bers 79 to respectively, an exhaust line 64 a natural 
gas intake line 63, a steam line 65 and an air intake line 
84. The outlet ports 73 of the cylindrical shell 61 are 
communicated hermetically through other sealing mem- ->o 
bers 79 to, respectively, another exhaust line 64, a re- 
formed product delivery line 70 and another air intake 
line 84. Moreover, there are provided valve means to 
control sequential flows of exhaust gases, steam, natu- 
ral gas fuel and air (that is, the exhaust valve 86, natural J 5 
gas valve 83, steam valve 82 and the air valve 85). The 
fuel-reforming system 15 of facilitated type further in- 
cludes the motor 71 connected to the rotary vessel 62 
to get the rotary vessel 62 starling to turn, coming to 
rest, turning in intermittent manner, and turning with var- so 
iable rpm depending on the commands issued from the 
controller -60. 

[0076] With the fuel-reforming system 1 5 of facilitated 
version constructed as stated earlier, the exhaust gases 
are inlioduced through the exhaust line 64 into the com- 55 
partment 75 in the rotary vessel 62 in which theC0 2 gas 
is absorbed by the zeolite and/or activated carbon on 
the surface of the porous metallic body 63 Subsequent- 



ly, natural gas Is charged into the compartment 75 in 
which the reaction of CH 4 with 0 2 in the exhaust gases 
is carried out to convert them into CO and H 2 while the 
reaction ol C0 2 with CH 4 Is carried out to convert them 
into the reformed fuel of CO and H 2 . Then, the steam 
generated with heat energy stored in the exhaust gases 
is introduced through the steam line 65 into the com- 
partment 75 where the remaining CH 4 is converted in 
the presence ol steam (H 2 0) into the reformed fuel of 
CO and H 2 . As a result, all the natural gas is completely 
converted into the reformed fuel of CO and H 2 . The re- 
formed fuel is fed. along with air introduced through the 
air intake line 84 into the compartment 75, through the 
air intake line 80 and then an air intake manifold into the 
engine. 

[0077] Accordingly, while the present invention has 
been disclosed in connection with the preferred embod- 
iments thereof, it should be understood that other em- 
bodiments may fall within the scope of the present in- 
vention, as defined by the following claims. 



Claims 

1. A heat exchanger in which heat is transferred from 
a heat-extracting area(7) where a fluid Is allowed to 
flow through there to a heat-emitting area(8) where 
another fluid diflerenl in temperature Irom the fluid 
is allowed to flow through there, wherein a wall(2) 
is provided to separate the areas(7,8) from one an- 
other, and porous metals(11 ,12) are provided in the 
areas(7, 8), one to each area, the porous metals(1 ) 
being each made on a surface thereof with a junc- 
tion layer(9,10) of pasty joining material kneaded 
with powdery metal, the porous metals(1) being 
each merged together with the wall(2) through fu- 
sion of the associated junction layer(9,10) to make 
certain cf heat transfer between the wall(2) and the 
porous metal(1). 

2. A heat exchanger constructed as recited in claim 1 , 
wherein the porous metal(1 ) is made of at least one 
metal selected from nickel, nickel-chrome alloy, 
copper and aluminum, while the wall(2) is made of 
an alloy of copper and any one of nickel and nickel 
chrome alloy, and the powdery metal is of a heat- 
resisting metal superior in heat conductivity, select- 
ed from silver, nickel, copper and zinc. 

3. A heat exchanger constructed as recited in any one 
of claims 1 or 2, wherein the junction layers(9,10) 
are buried in the porous metals(11) in a way corning 
into contact with opposite sides of the wall(2), one 
to each side, and any first junction layer(9) has a 
high heat-resisting property and the second junc- 
tion layer (10) has a fusing temperature more than 
1 00 "C lower than the one , the first junction layer(9) 
being made of joining material higher in fusing tern- 



12 



23 



EP 1 418 397 A2 



24 



perature than the second junction layer(10) 

4. A heat exchangerconslructed as recited in any one 
of claims 1 to 3, wherein the porous metals(12) has 

a stem(5) while the junction layers(9,1 0) are bond- s 
ed to Ihe porous melals(1 2) in a way the stem(5) is 
either buried into the associated junction layer in a 
depth not less than a diameter(D) of the stem(5) in 
■cross section or surrounded with the junction layer 
(9,10) in a conical shape, '0 

5. A heat exchanger constructed as recited in any one 
of claims 1 to 4, wherein at least one metal of high 
heat conductivity selected from copper, aluminum 
and silver is coated on the surface of the porous 15 
metals(11) by any one process of plating, dipping 
and vacuum evaporation. 

6. A heat exchanger constructed as recited in any one 

of claims 1 to 5, wherein the porous metals(11 ,12) 20 
are each made with a groove on a surface thereof 
opposite to the surface bonded with the associated 
junction layer, the groove extending along flow of 
the fluid. 

25 

7. A heat exchanger constructed as recited in any one 
of claims 1 to 6, wherein the porous metals(12) are 
applied over the surface thereof with a ceramic 
coating of alumina orzirconia over which is distrib- 
uted at leasl one catalyst selected from platinum, so 
platinum, vanadium, rhodium, ruthenium and ceri- 
um oxide. 

8. A heat exchangerconslructed as recited in any one 

of claims 1 to 7, wherein the porous rnetal(l1 ,12) is 35 
coated over the surface thereof with a plating layer 
(51) of at least one material high in heat conductivity 
selected from copper, silver and aluminum, the plat- 
ing layer(51) varying gradually in thickness across 
the junction layer(9, 10). io 

9. A heat exchanger constructed as recited in claim 8, 
wherein the gradual variation in thickness of the 
plating layer(51 ) over the surface of the porous met- 
al(11 ,12) is done by varying a time it takes for dip- ^5 
ping the porous metal(11,12) in a plating bath. 

10. A heat exchanger constructed as recited in claim 1 , 
wherein an aluminum coaling layer is made overthe 
surfaces of the porous metal(11 ,12) and then sub- -0 
jected to heat-treatment to precipitate a -alumina 
structure. 

11. A heat exchanger constructed as recited in claim 1, 
which is applied to a turbo-generator system includ- 55 
ing an exhaust turb.ne(21) extracting energy from 
exhaust gaseslEG) exhaled out of the hea! source 

of an engine(20) or a combustor, a first heat ex- 



changer unit (24) installed with a porous metal(1) to 
generate high-temperature steam by a remaining 
energy in the exhaust gases(EG) leaving the ex- 
haust turbine(21), a steam turbine(22) extracting 
energy from a high-temperature steam generated 
in the first heat exchanger unit(24), an electric gen- 
erator^) having a rotor shaft connected to the ex- 
haust turbine(2l) and the steam turbine(22) at axl- 
ally opposite ends thereof, a condenser(25) for re- 
moving heat from a steam(SG) discharged out of 
the steam turbine(22) to reduce the steam(SG) to a 
liquid, the condenser(25) being comprised cf a po- 
rous rnetal(34) installed on a tubing (26) that allows 
the steam(SG) to pass through there, a pump(27) 
to feed a water(W) produced in the condenser (25) 
into the first heat exchanger unit(24). and a second 
heat exchanger unit(28) installed between the 
pump(27) and the first heat exchanger unit(24) to 
convert the water(W) forced through the pump(27) 
into a steam by using a hot oil(O) recirculating 
through the heat sounce(20). 

12. A heat exchanger constructed as recited in claim 

1 1 , wherein the first heat exchanger unit(24) has an 
outer cylinder(29) filled with a porous metal(31) 
where the exhaust gases(EG) are allowed to pass 
through there, and an inner cylinder(30) nested in 
the outside cylinder(29) and packed inside with a 
porous metal(32) where a steam(SG) Is allowed to 
flow through there, the inner cyllnder(30) being 
joined on an outside surface thereof with the porous 
metal(31) inside the outer cylinder(29) while on an 
nside surface thereof with Ihe porous metal(32) in- 
side the inner cylinder(30) through fusing metal so 
that the inner cylinder(30) serves as a wall isolating 
the porous metals(31 ,32) on opposite surfaces 
thereof from one another 

13. A heat exchanger constructed as recited in claim 

12, wherein the porous metals(31,32) on opposite 
surfaces of the wall(33) in the first heat exchanger 
unit(24) are joined together with the wall(33) by fus- 
ing the junction layers of pasty joining material bur- 
ed into the porous metals(3l ,32). 

14. A heat exchanger constructed as recited in any one 
of claims 12 or 13. wherein a heat insulator(41) sur- 
rounds around a periphery of the outer cylinder (29), 
and the porous metal(3 1 ) installed inside the outer 
cylinder(29) is higher in porosity than the porous 
metal(32) enclosed in the inner cylinder(30). 

1 5. A heat exchanger constructed as recited in any one 
of claims 12 to 14, wherein the inner cylinder(30) is 
made in a way that a flow passage for the stream 
(SG) is made smaller in cross sectional area at an 
egress (56) thereof than an ingrass(55) thereof to 
get a velocity of the stream faster at the egress(56). 
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16. A heat exchanger constructed as recited in any one 
of claims 11 to 1 5, wherein a porous metal(37) ora 
fin is installed on a steam line(46) midway between 
the steam turbine(22) and the condenser(25) to 
cool down the steam(SG) leaving the steam turbine 5 
(22). 

17. A heat exchanger constructed as recited In anyone 
of claims 11 to 16, wherein the condenser(25) is 
comprised of an inside liquid chamber(39) having a to 
porous metal(34), an outside chamber(40) forcool- 

ing gas or liquid in which a porous metal(57) is in- 
stalled, a wall (38) separating the inside and outside 
chambers (39 : 40) from one another, and a steam 
passage(26) extending in the liquid chamber(39)to ts 
deliver the steam(SG) leaving the steam turbine 
(22) into the liquid chamber(39). 

18. A heat exchanger constructed as recited in any one 

of claims 11 to 17, wherein the porous metal(34) in 2° 
the in the liquid chamber(39) of the condenser(25) 
is made up of a plurality of multistage porous me- 
tallic sheets(42). which are penetrated with the 
steam passage (26) at the center thereof and joined 
with the wall(38) separating the liquid chamber(39) 25 
from the gas or liquid, so that the steam(SG) is dis- 
charged out of the steam passage(26) into the liquid 
chamber(39), where the steam passes through the 
porous metallic sheets(42) with losing a remaining 
energy in the steam(SG). so 

19. A heat exchanger constructed as recited in claim 
18, wherein the porous metal(57) in the outside 
chamber(40) for cooling gas or liquid is joined to- 
gether with the wall(3S) to cool down the steam(SG) 
discharged out of the steam turbine(22). so that the 
condenser(25) is made in either an air-cooled sys- 
tem whe re air is forced into the outside chamber(4Q) 
by a blower(43) or a water-cooled system where 
cooling water is forced to pass through there. ->o 

20. A heat exchanger constructed as recited in any one 
of claims 1 1 to 1 9 : wherein the porous metal(34) in- 
stalled in the liquid chamber(39) is made of porous 
material ol nickel coated with at least one corrosion J 5 
resisting metal including silver, copper and alumi- 
num, while the porous metal(57) in the outside 
chamber (40) for cooling air or liquid is made of nick- 
el-based porous metal coated with aluminum. 

50 

21 . A heat exchanger constructed as recited in anyone 
of claims 11 to 20, wherein a rotor shaft surrounded 
with a permanent-magnet rotor of thegenerator(23) 
is flanked with the steam turbine(22) and the ex- 
haust turbiriBl21 ). one lo each flank. 55 

22. A heat exchanger constructed as recited in any one 
ol claims 11 to 21 , wherein electric oower produced 



by the generator(23) is supplied to either a motor 
(44) to drive a compressor to force air into the heat 
source (20) or a motor(44) to spin a crankshaft of 
the engine through an inverter. 

23. A heat exchanger constructed as recited in claim 1 , 
which is applied to a fuel-reforming system (15) in- 
stalled in an exhaust line from an engine(20) to con- 
vert a natural gas into a reformed fuel of H 2 and CO 
by using heat energy of exhaust gases of the engine 
whers the reformed fuel ignites and burns 

24. A heat exchanger constructed as recited in claim 
23, wherein the fuel-reforming syslem(1 5) has ab- 
sorption means to absorb C0 2 out of the exhaust 
gases, and catalyst means to he'p convert the nat- 
ural gas into the reformed fuel, whereby heat ener- 
gy is reclaimed from the exhaust gases. 

25. A heat exchanger constructed as recited in claim 
23, wherein the fuel-reforming system(15) includes 
a cylindrical shell(6l ) having inlet ports(72) and out- 
let ports(73), an circular rotary vessel(62) support- 
ed for rotation in ihe cylindrical shell(61) and pro- 
vided therein with radial partition plates(69) to form 
compartments juxtaposed in circular direction, po- 
rous metals(53) accommodated in the compart- 
ments, the porous metals(63) having an absorbing 
material and a catalyst thereon, and the exhaust 
Hne(64), steam line (65) and natural gas llne(66) are 
communicated respectively to the inlet and outlet 
poi1s(72,73) in the cylindrical shell(61). 

26. A heat exchanger constructed as recited in claim 
23, wherein the fuel-reforming system(1 5) includes 
valve means to control sequential flows of exhaust 

-gases from the exhaust line(64). steam from the 
steam line(65), and natural gas fuel from the natural 
gas line(66) into the rotary vessel(62) 
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FIG. J 
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FIG. 5 
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FIG. 7 
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